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In this paper we continue our study on the accretion process onto super-spinning Kerr objects 
with no event horizon (super-spinars). We discuss the counterpart of the Bondi accretion onto 
black holes. We first report the results of our numerical simulations. We found a quasi steady-state 
configuration for any choice of the parameters of our model. The most interesting feature is the 
presence of hot outflows. Unlike jets and outflows produced around black holes, which are thought 
to be powered by magnetic fields and emitted from the poles, here the outflows are produced by the 
repulsive gravitational force at a small distance from the super-spinar and are ejected around the 
equatorial plane. In some circumstances, the amount of matter in the outflow is considerable, which 
can indeed significantly reduce the gas mass accretion rate. Finally, we discuss a possible scenario 
of the accretion process in more realistic situations, which cannot be simulated by our code. 
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I. INTRODUCTION 



The actual nature of the final product of the gravitational collapse of matter is an outstanding and longstanding 
problem in general relativityfGR) . Under apparently reasonable assumptions, collapsing matter leads to the formation 
of space-time singularities Here there are two possibilities: i) the singularity is hidden behind an event horizon 
and the final product is a black hole (BH), or ii) the singularity is naked. Since space-times with naked singularities 
present pathologies, some form of the Cosmic Censorship Conjecture is usually assumed and naked singularities 
are forbidden [y]. Neglecting the electric charge, it turns out that, in four dimensions, the only stationary and 
asymptotically flat solution of the vacuum Einstein equation with an event horizon is the Kerr BH Q • 

The Kerr metric is completely characterized by two parameters; that is, the mass M and the spin J. The latter 
is often replaced by the Kerr parameter a, defined as a = J/M, or by the dimensionless Kerr parameter a, — a/M. 
Using Boyer-Lindquist coordinates, the position of the horizon of a Kerr BH is given by 



rH 



M (l + v/T^) , (1) 



which demands the well known constraint |a*| < 1. For |a*| > 1, there is no horizon and the space-time has a naked 
singularity. Since causality can be violated in Kerr space-times with no event horizon , the assumption of the 
Cosmic Censorship Conjecture appears well motivated. 

Interestingly, several solutions of the Einstein equations that lead to the formation of naked singularities are known 
(see e.g. Refs. Moreover, the reliability of GR at the singularity is surely questionable. GR is a classical 

theory and it is widely believed that the Planck scale, Epi ^ 10^^ GeV, is its natural UV cut-off. New physics needs 



to replace the singularity with something else [13[; then the space-time in the full theory may present no pathologies. 
If this is the case, the Cosmic Censorship Conjecture may not be necessary and super-spinning Kerr objects with no 
event horizon, or "super-spinars" , may exist in the Universe [l^ . 

A subtle point is the stability of these objects, but the issue is not so easy to address, especially because we do 
not know the actual space-time emerging from the full theory. The simplest kind of instability is represented by 
the process of accretion itself, which may reduce |a*| and convert the super-spinar into a BH [15]. However, the 
evolution of the Kerr parameter due to accretion is usually negligible in stellar mass objects in binary systems and, as 
discussed in this paper, the accretion onto super-spinars is strongly suppressed, because of the presence of powerful 
outflows. A different issue is the intrinsic stability of the space-time. A "true" Kerr naked singularity is probably 
unstable fl6l but such a conclusion is based on an analysis of the whole Kerr space-time with —oo < r < +oo, 
which includes "another Universe" , connected to "our Universe" through the singularity and admitting closed time-like 
curves. Another danger is represented by the so-called ergo-region instabflity fl8l,'l9l|. The stabflity of the space-time 
is, however, mainly determined by the boundary conditions, which are unknown in our case. The motivation to 
consider super-spinars is that high energy corrections to classical GR may replace the singularity with something else 
and that the space-time has no pathologies in the full theory. Since we do not know the full theory, we cannot predict 
the actual structure of the space-time at very small radii. Here we do not further discuss this point: we simply assume 
that super-spinars are stable or quasi-stable objects. We study their astrophysical implications. Let us also notice 
that, even if super-spinars were unstable, they may still be a possible intermediate state of the gravitational collapse, 
before decaying into spinning BHs after some characteristic time scale. Their astrophysical implications may still be 
very intriguing. 

It is thus interesting to look for observational signatures capable of distinguishing super-spinars from ordinary BHs, 
with present and future astrophysical experiments. Refs. [20, [21| discussed the implications on the apparent shape. 
There it was found that, even if the bound |a*| < 1 is violated by a small amount, the shadow cast by the super-spinar 
(i.e. how it blocks light coming to us from an object behind it) changes signiflcantly from the BH case: the shadow 
for the super-spinar is about an order of magnitude smaller as well as distorted. This distinction can be used as 
an observational signature in the search for these objects. Based on recent observations at mm wavelength of the 
super-massive BH candidate at the center of the Galaxy in [l^] one of us speculated on the possibility that it 
might violate the Kerr bound. 

The X-ray thermal spectrum emitted by an optically thick and geometrically thin accretion disk around a super- 
spinar was instead investigated in p3l [. Surprisingly, for any BH with Kerr parameter af^, there is a super-spinar 
with Kerr parameter af^ in the range [5/3 ; 8^/6/3] whose spectrum is very similar (and practically indistinguishable) 
from the one of the BH. The result is that the X-ray thermal spectrum observed from current BH candidates cannot 
be used to conflrm the Kerr bound |a*| < 1. However, the contrary is not true: the X-ray thermal spectrum of a 
super-spinar with 1 < |a*| < 5/3 can be signiflcantly different from the one of BH. The disk temperature is higher 
and the radiation flux larger, even by a few orders of magnitude for |a»| slightly larger than 1. In principle, this could 
be used to distinguish super-spinars from BHs. 

In this paper, we extend the study on the accretion process onto super-spinars started in [24]. Here we consider 
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the counterpart of the Bondi accretion onto BHs. In the case of BHs, this is a quite inefficient mechanism to convert 
the gravitational energy into radiation, because a large fraction of the thermal energy is lost behind the horizon. The 
efficiency is 77 ~ lO""* and thus the Bondi accretion cannot explain many of the observed BH candidates. In the case of 
super-spinars, the efficiency can be much higher. As shown in [^J], near super-spinars there are space regions where 
the gravitational force is repulsive. In the Bondi-like case, the gas approaches the compact object with high velocity, 
enters the region with repulsive gravitational force, and slows down. Some amount of gas, which depends on the spin 
and the actual size of the super-spinar, is eventually ejected away, preferably on the equatorial plane. Unlike the case 
of an accretion flow of low temperature and low velocity discussed in [23] , here the gas reaches the center preferably 
from the axis of symmetry (rather than from the equatorial plane) and we find the production of hot outflows, which 
can have quite interesting implications. Since outflows produced in the accretion process onto BHs are expected to 
be emitted from their poles, the possible observation of powerful equatorial outflows from a BH candidate could be 
evidence that such an astrophysical object is actually a super-spinar or, more in general, a spinning super-compact 
object with no event horizon. 

The paper is organized as follows. In Sec.|TTl we briefly summarize the results obtained in [24| . In Sec. lIIIl we present 
the results of our simulations of the Bondi-like accretion onto super-spinars. In Sec. IIVI we discuss the role of the free 
parameters of our model and how their variation changes the accretion process. On the basis of such numerical study, 
in Sec. |V] we discuss a possible scenario in more realistic cases, mentioning physical and astrophysical implications. 
Summary and conclusions are reported in Sec. I VII Throughout the paper we use Boyer-Lindquist coordinates to 
describe the Kerr background and natural units Gn ^ c = ks = 1- 



II. SUMMARY OF THE PREVIOUS WORK 



In this section, we briefly review the basic results found in ]2M (^^^ ^^^^ ^^e discussion in [2^)- There, we studied 
the accretion process of a test fluid in a background Kerr space-time; that is, we neglected the back-reaction of the 
fluid to the geometry of the space-time, as well as the growth in mass and the variation in spin of the central object 
due to accretion. Such an approximation can be used if we want to study, for instance, the accretion of a stellar mass 
compact object in a binary system, because in this case the matter captured from the stellar companion is typically 
small in comparison with the total mass of the compact object. On the other hand, it is not appropriate to study 
long-term accretion onto a super-massive object at the center of a galaxy, where accretion makes the mass of the 
compact object increase by a few orders of magnitude from its original value. 

The calculations were made with the relativistic hydrodynamics module of the public available code PLUTO [26l[27j . 
properly modified for the case of curved space-time [1^. As equation of state of the accreting matter, we used the 
one of an ideal gas with polytropic index F = 5/3. We adopted Boyer-Lindquist coordinates to describe the Kerr 
background. The computational domain was the 2D axisymmetric space ri„ < r < 20 M and < 9 < n, where ri„ 
was set just outside the event horizon in the case of BH, and ri„ = 0.5 Af in the case of super-spinar. The choice of 
fin = 0.5 M may appear arbitrary, but it was checked that it does not significantly alter the final result for any value 
of a*, as long as ri„ < 0.7 M. 

We injected gas from the outer boundary into the computational domain isotropically at a constant rate, with low 
velocity (specifically, v"^ = —0.0001 and = v'^ = 0). Because of the simple treatment of the accreting matter, the 
gas temperature was not under control. In [23|, we simply imposed a maximum temperature: the aim was not to 
find an accurate description of the process, but only to capture some characteristic features of the accretion in Kerr 
space-times with |a*| > 1. The code was run with T^ax — 10 keV, 100 keV, and 1 MeV, yielding essentially the 
same result. Such a range of T,nax is the one suggested by observations of galactic BH candidates: the hard X-ray 
continuum (10 - 200 keV) is a typical feature of all these objects and is often explained with a hot inner disk or a 
hot corona, in which the electron temperature is around 100 keV (see e.g. Ref. 29]). Let us notice that this is not 
the Bondi accretion. The temperature of the gas (ions) at the horizon (in the case of BHs) in the Bondi accretion is 
about 100 MeV. 

In ^3], we found that the accretion process for ]a*] > 1 is strongly influenced by the existence of regions near the 
massive object in which the gravitational force is repulsive. Such a repulsive force is not an inertial effect due to the 
rotation of the gas, but arises from the presence of the naked singularity and is probably a quite common feature in 
space-times with naked singularities. In particular, for super-spinars with ]a*] < 1.4, the accretion process is extremely 
suppressed and only a small amount of the accreting gas can reach the center. Most of the gas is accumulated around 
the object, forming a high density cloud that continues to grow. No quasi-steady state was found. 
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III. BONDI-LIKE ACCRETION ONTO SUPER-SPINARS 



The "standard" Bondi accretion describes a spherical, steady-state, and adiabatic accretion onto an object. Spher- 
ical or quasi-spherical accretion flows are expected when the compact object accretes from the interstellar medium 
or when it belongs to a binary system in which the companion is massive and has a strong stellar wind. The basic 
features of the Bondi accretion onto a Schwarzschild BH can be deduced analytically [s^l (see also Appendix G of 
Ref. [3l|). The proper velocity of the fluid at the horizon as measured by a local stationary observer is equal to 1. 
For r = 5/3, the fluid temperature at the horizon is independent of the temperature at infinity and is given by 



where uh is the inward radial component of the 4-velocity at the horizon {uh ~ 0.782 for F — 5/3) and m is the 
mean baryon mass. The accretion luminosity is low, because most of the thermal energy is advected into the horizon 
and lost. The efficiency parameter is 77 ^ 10~^, which is much lower than the usual value 0.1 - 0.3 estimated from 
observations. 

The counterpart of the Bondi accretion in the case of super-spinar presents some peculiar features. The accretion 
process near the object is clearly far from being spherically symmetric, as the space-time geometry is only axially 
symmetric. Moreover, even the adiabatic description does not work at very small radii, because some amount of fluid 
is heated to very high temperatures. Despite that, far from the compact object the conditions are the same of the 
usual Bondi accretion. 

With a slightly improved version of the code used in [23|, we have studied numerically the Bondi- like accretion 
process onto super-spinars. The set-up is almost the same as in Ref. [13]. The default size of the computational 
domain is still the 2D axisymmetric space rin < r < rout and < < tt, with ri„ = 0.5 M and rout = 20 M. The 
initial and boundary conditions are similar, except for the radial velocity with which the gas is injected from the 
computational domain. In the Bondi accretion, the fluid is almost in free fall and we thus take 



instead of the very small value adopted in the previous work. As in ^4| , the boundary conditions at r.m are such that 
the boundary behaves as a perfectly absorbing surface: the gas in the computational domain can flow to the outside, 
but no gas can enter the computational domain from the boundary. 

The most important ingredient in the new simulations is that now the temperature of the gas is everywhere under 
control, except in a small region at the inner boundary where the repulsive gravitational force is stronger. Here the 
gas temperature becomes too higf0. In the Bondi accretion onto a Schwarzschild BH, for a fluid with F — 5/3, the 
temperature scales as 1 /r because the gravitational energy is efhciently converted to thermal energy. The temperature 
at the horizon is about 100 MeV. In this paper we imposed Tmax = 1 GeV as our "canonical" value. For example, 
the energy of a free particle in the Kerr space-time is 



where u* and u*^ are, respectively, the t- and 0-components of the particle 4-velocity. If the gravitational energy were 
efficiently converted to thermal energy, on the equatorial plane the gas temperature would still roughly scale as 1/r 
and would diverge at the singularity. For r = 0.5 M, we would find T ~ 0.5 GeV. However, around a super-spinar the 
gas can be further heated by the collisions between the inflowing and outflowing matter. Thus we set T^ax — 1 GeV. 
We also study the dependence of the accretion process on T^ax in Subsec. IIV Al We show that the choice of T^ax 
does not significantly affect the overall behavior of the flow around super-spinars. 

Let us notice that here we use the same description for the gas in the whole computational domain. At very 
high temperatures, the degrees of freedom, as well as the gas equation of state, change. Nevertheless we treat the 
accreting matter as an ideal gas. Namely, we assume that the correct qualitative picture of the accretion process 
can be described even neglecting such effects. Actually, these uncertainties should be considered together with the 
inner boundary conditions. In our simulations, we take = 0.5 Af, but the actual size of the massive objects could 



^ The reason is probably that PLUTO works with weak force fields, but finds difficulties otherwise. For example, even the public version 
of the code shows a similar behavior in the case of accretion onto a point-like mass in Newtonian gravity, when one includes the region 
close to the object (where actually Newtonian gravity should not be used). The same problem exists in our simulations of the accretion 
onto an ordinary BH, if the inner boundary is close to the horizon. Nevertheless, since the gravitational force around a BH is always 
attractive, in the latter case the hot gas does not escape: so we do not have under control its temperature in such a region, but there 
are no effects on the accreting gas at larger distances. 
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FIG. 1. Snapshot at t — 1000 Af of the density p (left panels; density in arbitrary units), temperature T (central panel; 
temperature in GeV), and contravariant radial component of the 3- velocity (right panels; velocity in unit c = 1) of the 
accreting gas around a super-spinar with a* = 1.5, for Tmax ~ 1 GeV. The unit of length along the x and y axes is M. 

be much smaller. At very small distances from the center, the density and the temperature of the gas can become 
extremely high, and our physics should not be used. In Sec. |Vl we extrapolate from our numerical study a possible 
picture that appears physically reasonable. 

The Bondi-like accretion onto super-spinars presents some very interesting features that were absent in our previous 
study. In Ref. jlS] , the velocity of the gas was low and only a very small fraction of it was able to enter the region with 
repulsive gravitational force. Such a region was indeed almost empty. Now instead the fluid approaches the massive 
object with a much higher velocity, and it thus can enter the region where the net gravitational force is repulsive. 
Because of the pressure of the fluid, the gas is compressed where the repulsive gravitational force is strong. The gas 
is then heated and eventually ejected to larger radii. The amount of gas ejected and its energy do depend on the spin 
of the compact object, i.e. a,, and the temperature of the gas ejected (in our case Tmax), as discussed in the next 
section. 

Density, temperature, and radial velocity of the gas as computed by our code are shown in Fig. [T] for the case 
a* = 1.5, with Tmax = 1 GeV. In Fig. [51 we show the Lorentz factor 7 = l/\/(l — v"^) and, in Fig. |3l the direction 
of the velocity of the accreting gas in the plane (r, 0). Fig. [T]can be compared with Fig. 21 where we show the same 
quantities as computed by our code for a Kerr BH with a* = 0.99 and rin = 2.5 AI (no Tmax is necessary here). Since 
we are discussing the Bondi accretion without the presence of magnetic fields, in the BH case there are no outflows. 



IV. DEPENDENCE ON Tmax, n„, AND a. 

The set-up of our simulations is basically characterized by three free parameters: the maximum temperature Tmax, 
the inner radius of the computational domain rin, and the dimensionless Kerr parameter a». In order to elucidate 
their effects on the accretion process, we introduce two physical quantities: the mass accretion rate of the space inside 
the radius r — 5 M, that is, 

Macc{t)= f pV-^dOd^, (5) 

Jr=5M 

and its time integral, i.e. the accreted mass of the space inside the radius r — b M: 

Macc{t) - / Maccir) dr . (6) 

J to 

The temporal behavior of Mace and Mace in the interval < t < 1000 M are presented in Fig. |5lfor our default choice 
a, = 1.5 and Tmax — 1 GeV, and can be compared with the ones for a BH with a, = 0.99, presented in Fig. [51 In the 
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FIG. 2. Snapshot at t = 1000 M of the Lorentz factor 7 — — of the accreting gas around a super-spinar with a, 

for Tmax ~ 1 GeV. The unit of length along the x and y axes is M. 



= 1.5, 




FIG. 3. Snapshot a.t t = 1000 Af of the direction of the velocity of the accreting gas around a super-spinar with a, 
Tmax ~ 1 GeV. The unit of length along the x and y axes is AI. 



1.5, for 



latter case, for t 150 M, Mace is exactly the amount of mass injected from the boundary (in our simulations 425, in 
arbitrary units). 



A. Maximum temperature of the gas 

Our simulations require the imposition of a maximum temperature in order to avoid unphysical results. We thus 
need to set Tmax- It should depend on physical processes that are neglected in our code (e.g. cooling mechanisms), 
on the choice of r™, and even on the phenomena occurring at smaller radii (where actually we cannot predict reliably 
what happens) . It is natural to expect that a lower (higher) value of Tmax leads to less (more) energetic outflows and 



7 



15 



I 



10 



15 



0.1 



15 



-15 



r i 



-15 



0.1 



1 

Li 



0.01 



-15 



0.001 



-0.2 

-0.25 

-0.3 

-0.35 

-0.4 

-0.45 

-0.5 

-0.55 

-0.6 



10 



20 



10 



20 



10 



20 



FIG. 4. Density p (left panels; density in arbitrary units), temperature T (central panel; temperature in GeV), and contravariant 
radial component of the 3- velocity i;' (right panels; velocity in unit c = 1) of the quasi-equilibrium configuration of the accreting 
gas around a Kerr black hole with a* = 0.99. The unit of length along the x and y axes is M. 
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FIG. 5. Mass accretion rate (left panel) and accreted mass (right panel) as a function of time t of the space region inside the 
radius r = 5Af in the case a* = 1.5 and Tmax ~ 1 GeV. Mace and Mace in arbitrary units; t in unit M = 1. 
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FIG. 6. Mass accretion rate (left panel) and accreted mass (right panel) as a function of time t of the space region inside the 
radius r = 5 M in the case of black hole with a* = 0.99. For t > 150, the mass accretion rate is exactly the amount of mass 
injected from the boundary. Mace and Mace in arbitrary units; t in unit M = 1. 
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FIG. 7. Mass accretion rate (left panels) and accreted mass (right panels) at r = 5 AI for a Kerr super-spinar with a, — 1.5 for 
Tmax ~ 500 MeV (top panels) and Tmax ~ 2 GeV (bottom panels). Alacc and Mace in arbitrary units; t in unit M = 1. 



thus the accretion rate is less (more) suppressed. This is indeed confirmed by the simulations: in Fig. [71 we show the 
mass accretion rate and the accreted mass for Tmax = 500 MeV (top panels) and 2 GeV (bottom panels), still for 
a* = 1.5. A maximum temperature of 2 GeV at r = 0.5 M is likely too high, but it is useful to figure out the effect 
of Tmax on the accretion process and check the response of our code. At the beginning, < t < 200 M, the accretion 
process strongly depends on the initial conditions, but seems also to give a rough idea of the mass accretion rate at 
later time. As T„iax increases, the accreted mass a,t t — 200 M decreases. As shown in the next two subsections, the 
idea that the accreted mass at t = 200 M can suggest how much the accretion process is suppressed at later time seems 



to be correct even for the other two free parameters, i.e. 



and a*. For t > 200 M, the accretion process is more 



regular and the system reaches quasi-equilibrium configurations. In some cases, we observe counterintuitive results: 
for example, for t > 400 M, the mass accretion rate for T„iax — 500 MeV is lower than the one with Tmax = 1 GeV (the 
slope of the curve of the accreted mass is less steep). This is because the system has not yet reached a quasi-steady 
state at t = 1000 M. We checked this point by re-running the code for these two specific cases for a longer time. As 
shown in Fig. [H at later time the accretion process is less suppressed for the case with lower temperature, even if the 
result is not so sensitive to whether we choose Tmax = 1 GeV or Tmax = 500 MeV. That is good news, because it 
means that the choice of Tmax is not so important. 



B. Radius of the inner boundary 



As the singularity is approached, some observer independent quantities (e.g. the Kretchmann scalar K — 
-RfcA^iz-R"'^'^'^) diverge. It is usually interpreted as the breakdown of classical GR. Corrections from new physics 
become presumably more and more important, and it is likely that in the full theory there is no central singularity. 
If deviations from the classical Kerr metric are negligible as long as these scalars are much smaller than 1 (in Planck 
units), the simulations should run with ri„ as small as possible. Indeed, according to this criterion, for astrophysical 
objects with mass M much larger than the Planck mass, Mpi sa lO"'^ g, the classical metric should be reliable up 
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Time Time 

FIG. 8. Mass accretion rate (left panels) and accreted mass (right panels) at r = 5 A/ for a Kerr super-spinar with a, — 1.5 for 
Tmax = 500 MeV (top panels) and Tmax ~ 1 GeV (bottom panels) up to t = 8000 M. Mace and Mace in arbitrary units; t in 
unit M = 1. 

to very small distances from the center, i.e. for r <^ M . However, it is impossible in practice to run the code with 
r <C M: as ri„ decreases, the computational time increases very quickly. In practice, we cannot integrate the system 
long enough for ri„ < 0.3 M. In order to catch the effects of a variation of the value of ri„ on the accretion process, 
we studied what happens if we change the value of ri„. Specifically, we run the code with ri„ — 0.3 M, 0.8 Af, 1.0 M, 
1.2 M, 1.5 M, 1.6 M, and 1.7 M, for T^ax = 1 and 2 GeV. 

Roughly speaking, for smaller/larger values of ri„, the accretion rate is lower/higher. This is indeed naively 
expected: at smaller radii, the density and the pressure of the gas are inevitably higher, reducing the flow velocity. 
Moreover, the gravitational force close to the center is mainly repulsive, which makes it more and more difficult to 
push the gas into smaller and smaller radii. However, a more detailed study shows the following featuref0. For 
0.3 M ^ Tin ^ 1.2 M, there is no significant difference in the accretion process (adopting the same value for Tmax, 
while for smaller ri„ one could assume higher maximum temperatures). For 1.2 M ^ < 1.6 Af, a slightly higher 
value of Tin makes the accretion rate much faster and, for > 1.7 A/, the space region with repulsive gravitational 
force is outside the computational domain and the accretion process is like the one of BH. 



C. Kerr parameter 

In Ref. [iJl, we discussed an accretion process characterized by a gas with low velocity and low temperature. There 
we found that, for small |a*|, the accretion is extremely suppressed: the gas cannot reach the central massive object, 
but is instead accumulated around it, forming a high density cloud that continues to grow. As |a*| increases, a larger 
amount of gas can fall to the center and, for |a*| > 1.4, a quasi-steady state configuration exists. In the Bondi-like 



^ Here we describe the case a* = 1.5. Since the spin parameter determines the region with repulsive gravitational force, for another choice 
of a, one finds a different dependence on ri„. 
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accretion, the picture is very different, and, for higher |a, |, the mass accretion rate decreases. That can be explained 
by noting that, for higher \a^\, the repulsive gravitational force close to the center becomes stronger, thus producing 
more powerful outflows of gas. In Ref. ^24] . the gas was essentially unable to go to the region where gravity is repulsive, 
and so we observed neither outflows nor this dependence on the Kerr parameter. 

In Fig. [21 we show the mass accretion rate and the accreted mass assuming T^ax = 1 GeV and ri„ = 0.5 M. 
For a* = 1.1 and 1.2, the accretion process at r = 5 M is similar to the one onto BH of Fig. |6l Actually there are 
continuous puffs of hot gas, but their energy is so small that this gas is pushed back by the accreting fluid. Specifically, 
for a* = 1.1 the convective region has a radius r « M, while for a* — 1.2 we find r « 3 M; see Fig. (TUl There is no 
gas that leaves the computational domain from the outer boundary, exactly like in the BH case. For |a*| > 1.3, the 
outflows are strong enough to leave the region around the center and eventually go out of the computational domain 
at r = Tout ■ We checked that the critical value of the Kerr parameter separating the two different cases is essentially 
independent of ri„ (for fixed Tmax), while it is sensitive to the value of Tmax] i-e. for higher maximum temperature 
the critical value of the Kerr parameter is a bit smaller. However, it presumably depends on rout and the actual size 
of the accreting cloud around the super-spinar. For an infinite size accreting cloud, we should probably always find a 
convective region, whose radius increases for higher values of |a*| (and Tmax)- 

To understand qualitatively the effect of a* on the accretion process, we consider the radial component of the 
geodesic equation of a test-particle. To get a rough estimate, we can assume ^ = and thus 

since all the other terms vanish, f depends on three constants of motion; that is, the particle energy at infinity i5, 
the z component of the angular momentum at infinity (where z is the axis parallel to the spin of the massive 
object), and the Carter constant Q. Let us take E — m (marginally bound orbit; m is the mass of the test particle) 
and = Q = (fl. f in the region around the center where the gravitational force is repulsive is shown in Fig. 1111 
Intuitively, from these plots one can understand that higher values of |a*| produce more energetic and collimated 
outflows, and that the gas is preferably ejected around the equatorial plane with some open angle that depends on 
|a*|. 

V. DISCUSSION 

Let us now discuss the qualitative behavior of the accretion process onto super-spinars that we can expect in a 
more realistic situation. To this end, we need a few assumptions about the space-time at very small radii and the 
properties at high temperature of the gas. For example, the naked singularity at r = might be replaced by a very 
compact object with a flnite radius and a surface capable of absorbing the accreting mattei|j. Let us also assume that 
around the massive body deviations from the Kerr space-time are not signiflcant and that the accreting matter still 
behaves as a perfect gas . In this case, the gravitational force around the object is everywhere repulsive, except near 
the equatorial plane 24]. However, as discussed in this paper, in the Bondi-like accretion onto a super-spinar, the gas 
cannot reach the center from the equatorial plane because of the presence of hot outflows. The result is that the gas 
approaches the massive object from the poles. At smaller and smaller radii, the fluid is more and more compressed, 
thus reducing further its velocity. Some amount of matter can presumably reach the surface of the super-spinar and 
be absorbed, but most of the matter probably cannot (especially if the size of the super-spinar is very small). Since 
the gravitational force is repulsive, the gas cannot pile up indefinitely and some gas is thus ejected to larger radii. 
Outflows of hot low density gas are produced when some amount of matter is pushed to the region with strongly 
repulsive gravitational force. Since in the central part of the outflows the gas has a velocity exceeding the escape 
velocity Vesc ~ •\/2M/r, see the left panel of Fig. [1] some material can go to infinity, at least if the finite size of the 
cloud around the super-spinar is not important in this argument. So, we have energetic outflows, which can escape 
to infinity and represent a cooling mechanism for the accreting cloud, and low energy outflows, which are ejected 
to larger radii but are gravitationally bound to the super-spinar. If this is really the case, since the cloud of gas 
loses ejnergy, eventually the accretion process is not of Bondi type. We may thus recover the accretion discussed in 
Ref. ^24]: the formation of hot outflows stops and the gas can fall to the super-spinar from the equatorial plane, 
where the gravitational force is attractive (at least for |a*| > 1.4; if |a*| < 1.4 the gas is accumulated around the 
super-spinar). 



^ In a general Kerr space-time, there is no simple interpretation of Q. However, in the Schwarzschild case a* = 0, the Carter Constant 
reduces to L J -|- L?, . 

We warn the reader that this assumption may be an important ingredient in our model. It is likely one of the simplest and most 
reasonable options (at least in absence of a theory capable of resolving the central singularity), but eventually it is responsible for the 
quasi-steady state configuration with strong outflows. If the absorption of gas by the massive object were very suppressed, a quasi-steady 
state configuration would be impossible and a cloud would form and grow around the super-spinar. 
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FIG. 9. Mass accretion rate (left panels) and accreted mass (right panels) at r = 5M for a Kerr super-spinar with a* 
(top panels), a* = 1.3 (central panels), and a* = 3.0 (bottom panels). 



1.1 



In the Bondi phase, super-spinars are presumably much brighter than BHs whose efficiency parameter is about 

10~^. Indeed, the gas is not lost behind an event horizon, but orbits in the gravitational potential of the massive 
object. There might be the possibility that quite exotic matter is produced and ejected to the interstellar medium. 
Indeed, at very small radii the density and the temperature of the gas can be very high and inelastic scattering 
between the particles of the gas may produce extremely high-energy, heavy particles. Since blobs of hot gas are 
continuously ejected to larger radii, super-spinars may enrich the Universe with these products. If the heavy particles 
are not highly unstable and can decay into Standard Model particles in the neighborhood of the super-spinar, the 
latter might be seen as a source of high energy cosmic rays. 

Last, we are tempted to put forward the possibility that long gamma ray bursts (GRBs) might be explained with 
the formation of a super-spinar. Of (;oursc;. one should study the collapse of a star rather than the accretion process 
onto a super-spinar, but our simulations suggest a few features that look quite promising to produce GRBs. The 
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FIG. 10. Radial velocity of the accreting gas around a super-spinar with a» — 1.1 (left panel) and a, = 1.2 (right panel) for 
Tmax = 1 GeV. In the first case, the radius of the convective region is about M, in the second case about 3 M. 
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FIG. 11. Strength of the repulsive gravitational force for a test-particle in the region r > 0.2 M around a Kerr super-spinar 
with a* — 1.1 (left panel), a« = 1.5 (central panel), and a, = 3.0 (right panel). In the white region with r > 0.2 M, the 
gravitational force is attractive. 



repulsive gravitational force around super-spinars seems to be able to create collimated jets with high Lorentz factor 
7, as shown in Fig. [2l If these jets were able to escape from the collapsing envelope, super-spinars could work as 
central engines of GRBs. The time variability of the accretion rate found in our simulations might suggest that, for 
stellar mass super-spinars, even the millisecond time variability observed in GRBs could be reproduced. 



VI. CONCLUSIONS 



In this paper, we have investigated the counterpart of the Bondi accretion in the case of super-spinars. Our 
numerical simulations show that the repulsive gravitational force in the neighborhood of the center can produce 
powerful outflows of gas, suppressing the accretion process. It is important to notice that the gravitational force 
becomes repulsive already at radii r ~ M where, for M 3> Mpi, classical GR is presumably reliable. The absence of 
the horizon can thus lead to the interesting astrophysical implications discussed in this work. 

In our simulations, the accretion depends on three parameters: the maximum temperature of the gas, T^ax, the 
radius of the inner boundary, rj„, and the dimensionless Kerr parameter, a*. We have studied numerically how the 
variation of Tmax, fin, and a* changes our results. Then, we have tried to discuss what can happen in more realistic 
circumstances that cannot be simulated by the code. Assuming that the super-spinar can be considered as a compact 
object with a finite radius and an absorbing surface, and that even in its neighborhood deviations from the classical 
Kerr metric are not significant, we suggest the following accretion scenario. Only a small fraction of the accreting gas 
can really reach the surface of the super-spinar and be absorbed, since at smaller and smaller radii the gas velocity 
decreases, due to two effects: the gravitational force is repulsive and the gas pressure becomes higher and higher. 
Most of the accreting gas is pushed back to larger radii. Some blobs of hot gas are ejected away with high energy and 
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can escape from the gravitational well of the super-spinar. The rest of the gas is instead cooled and gravitationally 
bound to the massive object. In this way, the cloud of the accreting gas surrounding the super-spinar cools, less and 
less gas can enter the region with repulsive gravitational force, and eventually the formation of hot outflows stops. We 
argue that in this case we recover the accretion process discussed in [23| : the absence of hot outflows let the gas reach 
the center from the equatorial plane (for |a*| > 1.4, since in this case the gravitational force is everywhere attractive 
on the equatorial plane) and then be absorbed by the surface of the super-spinar. 

For astrophysical black holes, it is widely believed that jets and outflows are powered by magnetic fields (or maybe 
even by radiation for high mass accretion rates) and are expected to be ejected from the poles. It is thus likely that 
the possible observation of powerful equatorial outflows from a black hole candidate is a strong indication that the 
object is not a black hole, but a super-spinar or, more in general, a spinning super-compact object with no event 
horizon. Regions with repulsive gravitational force with features similar to the ones shown in Fig. [TT] seem indeed 
common in space-times describing the gravitational field of spinning masses and containing naked singularities. 

At least during the Bondi-like accretion phase, super-spinars should be objects much brighter than usual black 
holes, because the gas is not quickly lost behind the horizon, but orbits around it. In this phase, there might also 
be the possibility of producing exotic matter: scattering of the particles near the center, where the density and the 
temperature can be very high, may produce heavy particles. Another intriguing possibility deserving some attention 
is that super-spinars might work as the central engine for long GRBs. Indeed, they seem to be able to produce 
coUimated jets with a high Lorentz factor. 
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